National Geodetic Vertical Datum of 1929 (NGVD of 1929 : A geodetic datum derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called mean sea level. NGVD of 1929 is referred to as sea level in this report.
Surface-water resources are limited to the upstream reach of Cook Creek, which flows intermittently. The downstream reach of Cook Creek, plus all other small drainages that originate in the study area, are ephemeral.
Mining of the Knobloch and Sawyer coal beds would remove two alluvial springs, one bedrock spring, and two wells, which are all used for watering of livestock. The potentiometric surface within the Knobloch coal aquifer and the alluvial aquifer in the downstream part of the Cook Creek basin would be lowered during mining. Lowered water levels in these aquifers might substantially affect water levels in five wells outside the mine boundary. After mining, water in the alluvial aquifer downgradient from the mine area might show a long-term degradation in quality as a result of leaching of soluble salts from overburden materials used to backfill mine pits. Although mining would alter the existing hydrologic systems and remove several springs and shallow wells, alternative groundwater supplies are available that could be developed to replace those lost by mining. INTRODUCTION Development of western coal to meet national energy needs has recently received increased emphasis. A large part of the western coal is under Federal ownership; therefore, considerable demand exists for the leasing and development of Federal coal lands. To ensure orderly leasing and development of Federal coal, a Federal Coal Management Program was developed, which requires the U.S. Bureau of Land Management to identify tracts of coal for potential lease, analyze the tracts for potential environmental impacts, and schedule selected tracts of coal for lease sale.
One of the primary considerations in the selection of tracts for lease is potential adverse impacts to the water resources of the area during mining and reclamation operations, and after abandonment. To determine potential impacts and reclamation potential of coal tracts, the U.S. Geological Survey is cooperating with the Bureau of Land Management under the EMRIA (Energy Minerals Rehabilitation Inventory and Analysis) program. As part of this program, the U.S. Geological Survey is conducting hydrologic studies on several potential coal-lease tracts in the Powder River structural basin of southeastern Montana. The Cook Creek area of the Ashland coal field is one of these tracts.
Purpose and scope
The purpose of the study was to describe existing hydrologic systems, to obtain data on the water quality in the area, and to assess potential impacts of surface coal mining on local water resources. Specific objectives of the study were to:
(1) Identify ground-water resources; (2) identify surface-water resources and runoff characteristics; (3) determine chemical quality of the water resources; (4) determine probable impacts on existing water resources from mining operations, including changes in the quantity and quality of water; and (5) evaluate the potential for reclamation of local water resources.
To accomplish these objectives, hydrogeologic data were collected from existing wells, springs, and drill holes. Eleven additional test holes and observation wells were drilled and completed where data were lacking. Aquifer tests were made at all suitable wells and a network of observation wells was established to measure long-term fluctuations of ground-water levels. Water samples were collected from ground-water and surface-water sources and analyzed for chemical quality. Channelgeometry measurements were made to estimate runoff characteristics in small watersheds.
A maj or use of this report will be to provide information that can be used to rank various tracts of Federal coal for potential mining. The information for all tracts will be presented in a similar format, emphasizing the potential effects of mining and the potential for reclamation of the hydrologic systems. Supporting technical information on geology, water resources, and water quality also is given for the interested reader.
Location and description of area
The Cook Creek study area encompasses about 22 mi.2 in Rosebud and Powder River Counties, southeastern Montana.
The town of Ashland, Mont., is about 1 mile southwest of the study area, and the Northern Cheyenne Indian Reservation is adjacent to the western boundary of the study area ( fig. 1 ).
46°00'
I06°30' I06°00' Cook Creek and East Fork Otter Creek drain most of the study area. These small westward-flowing creeks are tributary to the northward-flowing Tongue River. Headwaters of small streams of the area typically are in steep, narrow, upland draws formed by the erosion of relatively soft and flat-lying sedimentary rocks. The streams have relatively straight and narrow channels in the upstream and middle reaches and narrow alluvial valleys in the downstream reaches* Almost all small streams in the area are ephemeral.
Boundary of
The land surface is a maturely dissected series of benches or plateaus that have been formed by the erosion of flat-lying strata of varying degrees of resistance. Hard clinker beds, formed by the burning of thick coal beds, are most resistant to erosion and cap many steep-sided buttes and narrow ridges. Maximum topographic relief in the area is about 1,450 feet, with altitudes ranging from 4,327 feet at Cook Mountain to about 2,900 feet along the Tongue River.
Average annual precipitation at Ashland is about 12.7 inches, based on 29 years of record . Precipitation increases noticeably with altitude, and highland areas of interstream divides may receive an additional 3 to 4 inches of precipitation per year. April, May, and June generally are the periods of largest monthly precipitation. Annual potential evaporation is greater than precipitation and is estimated to be 36 inches. Air temperatures in the study area typically have an annual range from about -35° to 100°F.
Previous investigations
Geology and coal deposits within the area have been studied by several investigators. Wegemann (1908) made a reconnaissance of part of the area to describe coals of the Custer National Forest. Coal deposits of the Ashland coal field were studied and described in detail by the U.S. Geological Survey (Bass, 1932) as part of a systematic study and classification of western coal lands. Brown and others (1954) mapped reserves of strippable coal within the Cook Creek area. Matson and Blumer (1973) described the quality and quantity of strippable coal within the Ashland coal field in a comprehensive report on strippable coal deposits of southeastern Montana. The geology of part of the Cook Creek area was mapped in detail by McKay (1976) .
Ground-water resources and hydrologic characteristics of rocks in the area have been studied by Renick (1929) , Perry (1931) , Hopkins (1973) , Lewis and Roberts (1978) , and Stoner and Lewis (1980) . Slagle and Stimson (1979) have compiled groundwater data from 1,924 wells in the northern Powder River Basin.
Chemical quality of ground water and geochemical processes that control the quality of water in the Fort Union Formation have been investigated by Lee (1979 Lee ( , 1981 and by Dockins and others (1980) . Studies have been made on the quality of surface water of the region (Knapton and McKinley, 1977; Knapton and Ferreira, 1980 ) and the quality of base flow of Otter Creek, the Tongue River, and Rosebud Creek (Lee and others, 1981) .
Potential impacts of coal mining on water resources in the Tongue River drainage basin have been the focus of several studies. Effects of coal mining on water resources in the Decker, Mont., area (50 miles southwest of Ashland) have been studied by Van Voast (1974) and Van Voast and Hedges (1975) . Woessner, Andrews, and Osborne (1979) investigated the potential impacts of coal mining on the quality of ground water and surface water on the Northern Cheyenne Indian Reservation. Woods (1981) has developed a computer model for assessing potential increases in dissolved solids of streams as a result of leaching of mine spoils and has modeled the impacts of surface coal mining on dissolved solids in the Tongue River.
WATER USE AND SUPPLY
Within the study area, ground-water and surface-water supplies are used primarily for livestock watering. Domestic water use is limited to residences near the southern and western boundaries of the study area and no irrigation uses exist at the present time (1981).
. Wells and developed springs supply most of the water used by livestock within the study area. Four springs and seven wells (table 1) are known to be used for livestock watering.
Two of the springs (S-l and S-3) are developed in alluvium along Cook Creek. The other springs flow from bedrock sources one from clinker (S-2) and one from fractured siltstone (S-4). All springs are considered to be perennial although spring S-4 may become dry during an extended drought. Three of the stock wells (W-3, W-ll, and W-12) are completed in the Knobloch coal aquifer, one (W-16) is developed in alluvium along Cook Creek, and one (W-15) is completed in a sandstone lens (see pi. 1). Stock well W-13 probably is completed in alluvium of East Fork Otter Creek and stock well W-17 probably is completed in the Tongue River Member.
Surface-water supply is limited to the upstream reach of Cook Creek, which flows intermittently. Within the upper 2.5 river miles of Cook Creek are many small seeps and springs and several small stock reservoirs. These springs, seeps, and reservoirs supply all water used by livestock in the upstream part of the basin.
Water samples were collected from the four springs developed for livestock water, from well W-12, and from streamflow in the upstream part of the Cook Creek basin (see tables 2 and 3 and pi. 1). Chemical analyses of these samples indicated that concentrations of all constituents determined are less than the recommended maximum limits for use by livestock (McKee and Wolf, 1963) . However, most water supplies in the area exceed the maximum concentrations of 250 mg/L (milligrams per liter) of sulfate and 500 mg/L of dissolved solids recommended by the U.S. Environmental Protection Agency (1977) for public supply. The recommended concentrations of sulfate and dissolved solids were established because of possible laxative effects on people not accustomed to the water and apply if less mineralized water is available. However, the quality of the water sampled is typical of water quality in the northern Powder River Basin and is not unique to the study area.
The water supply in the alluvium in the downstream part of the Cook Creek valley could support several additional livestock wells. Expected yield of alluvial wells is 10 to 20 gal/min. The Knobloch coal aquifer also could support additional livestock wells. Expected yield of coal-aquifer wells is about 2 to 10 gal/min. Deeper aquifers exist in the Tongue River and Tullock Members of the Fort Union Formation (Lewis and Hotchkiss, 1981) . These aquifers presently are unused but could support many livestock wells in the area.
POTENTIAL EFFECTS OF MINING ON AREA HYDROLOGY

Assumptions
The effects of mining on local hydrologic systems can be predicted most accurately if a mine plan is available that details the location of mine cuts, direction and rate of mine expansion, and duration of mining. The timing and location of mine cuts are particularly important for calculating transient ground-water flow into mine cuts and for evaluating the temporal and spatial changes in the potentiometric surface created by excavation of the mine pits.
Detailed mine plans for the Cook Creek area are not available. Therefore, predicted effects of mining on the local hydrologic systems are based on the assumptions that: (1) All mining of the Sawyer and Knobloch coal seams would take place within the mine boundaries as shown on plate 2; (2) mining would begin with the development of two long box cuts, with one of the cuts in the Cook Creek drainage and the other in the Otter Creek drainage (potential mine pits A and B on pi. 2); (3) the entire Sawyer coal bed and most of the Knobloch coal bed would be removed from the mine area; and (4) all mining regulations established by the U.S. Office of Surface Mining and the Montana Department of State Lands would be followed during mining and reclamation.
Effects during mining
Potential mine pit A Two aquifers currently transmit water through the site of potential mine pit A (see pi. 2) the perched alluvial aquifer in the upstream reach of Cook Creek and the confined Knobloch coal aquifer. Downgradient from the mine pit site, water from the two aquifers mixes as the alluvium and clinker become hydraulically connected in the downstream part of the Cook Creek valley. The rate of natural ground-water flow through the mine pit site is estimated to be 4,000 ft^/d in the Knobloch coal bed and 3,000 ft^/d in the perched alluvial aquifer. These flow estimates are based on local aquifer characteristics and were determined using the Darcy equation.
Mine pit A would interrupt both the local ground-water flow and the surfacewater flow, which supply a large proportion of the recharge to the alluvial aquifer in the downstream part of Cook Creek valley. Interception of recharge by the mine pit would cause a lowering of the water table within the alluvium downgradient from the mine pit as well as a decrease in basin runoff. The decrease in basin runoff would have an undetectable effect on the flow of the Tongue River, except during occasional periods of storm runoff.
Mine pit A would dewater an area of alluvium, clinker, and coal in the vicinity of the mine. A hydrogeologic section through the mine pit area ( fig. 2) shows the spatial relationship of the coal, clinker, and alluvial aquifers to the existing potentiometric surface and the potential mine cut. From figure 2 it can be seen that a mine pit adj acent to the clinker in Cook Creek valley would dewater the combined alluvium-clinker aquifer as the existing hydraulic gradient becomes reversed and slopes towards the mine pit. An estimated 1.8 x 10^ ft3 of water would be removed from storage within the alluvium-clinker aquifer. All water entering the mine pit would probably be stored in a holding pond and used for mine needs such as dust suppression.
Average rate of ground-water flow into the mine pit during the first year of mining is estimated to be 370,000 ft3 /d. After 2 or 3 years of mining, the rate of flow will have decreased to less than 8,000 ft^/d, as water in storage is Trace of section is shown on plate 2.
depleted. These flow estimates are based on the assumption that the first mine cut would be made along the coal-clinker contact.
Decline of the potentiometric surface within the Knobloch coal bed is estimated to be from 40 to 100 feet near the mine pit. This decline is equal to the difference between the present static water level and the base of the Knobloch coal. To the north and east of the mine pit, water levels within the Knobloch coal might decline as much as 20 feet at a distance of 2 miles from the mine. Downgradient (west) of the mine pit, water levels within clinker and alluvium would decline from the effects of mine-pit dewatering and interception of recharge. Mine-dewatering effects would cause water levels in nearby alluvium and clinker to decline from about 10 to 60 feet. Water levels in the alluvium along the downstream 2 miles of Cook Creek valley probably would decline only slightly. Water levels in this section of alluvium are below the base of the Knobloch coal; any decline in water levels would be from decreased aquifer recharge.
Flow rates into the mine pit and water-level declines within the Knobloch coal aquifer were derived using the finite-difference digital model developed by Trescott, Finder, and Larson (1976) . The distribution of hydrologic characteristics and the boundaries used in the model are shown in figure 3. This simplified
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T.2S. T. 3S. Figure 3 . Distribution of hydrologic characteristics and boundaries for model of potential mine pit A. T is transmissivity, in feet squared per day. S is storage coefficient, which is dimensionless.
MILES KILOMETERS
model was designed only to estimate transient flow rates into the mine pit and water-level declines in the Knobloch coal. The model was not designed to simulate natural-flow conditions. Assumptions used in the model were: (1) The initial potentiometric surface is horizontal; (2) the mine pit is emplaced instantaneously; and (3) a no-flow boundary exists where water levels in the Knobloch coal, clinker, and alluvium are below the base of the mine pit.
Potential mine pit B
The Knobloch coal bed is the only known shallow aquifer that would be removed by mining in the area of potential mine pit B (pi. 2). Shallow ground-water flow through the mine-pit site is from near the Cook Creek-Otter Creek basin divide toward Otter Creek and East Fork Otter Creek (pi. 1). Rate of ground-water flow through the mine pit site is estimated to be less than 1,500 ft 3 /d. Mine pit B would intercept the present ground-water flow and would eventually remove all water stored within the Knobloch coal in the vicinity of the mine. Water-level declines within the Knobloch coal aquifer would be greatest to the north. The potentioraetric surface between mine pits A and B would be virtually coincident with the base of the Knobloch coal because of the combined dewatering effects of the two pits. the Knobloch coal bed is below the potentiometric surface of the alluvium-clinker aquifer in the valley of East Fork Otter Creek. If the first mine cut followed the coal-clinker contact, an estimated 5 x 10? ft^ of water would be removed from storage within the clinker. This water would likely be removed within the first year of mining. The eastern end of the mine pit would receive greater inflow from clinker than the western end, because of a greater hydraulic gradient in this area.
Flow from the alluvium in East Fork to the mine pit could be as much as 150,000 ft^/d under worst-case conditions. These conditions assume that: (1) The entire mine pit is excavated to the base of the Knobloch coal bed, (2) the mine-pit highwall is at the coal-clinker contact, (3) the clinker has a transmissivity of about 2,500 ft^/d, and (4) East Fork Otter Creek is a constant hydraulic-head boundary. The rate of discharge from the clinker and alluvium into the mine pit could be decreased considerably by leaving a buffer zone of undisturbed coal and shale between the clinker and the mine pit or by excavating only part of the mine pit at one time.
In any case, as the mine advances northward, inflow from clinker and alluvium would be decreased from backfilling with mine spoils and from the increase in altitude of the base of the coal bed. In the vicinity of hole H-8 and well W-ll, the base of the Knobloch coal bed is about equal in altitude to East Fork Otter Creek ( fig. 4 ) and any flow from the alluvium of East Fork to the mine pit would cease by the time the mine pit advanced to this area.
Water-level decline within the alluvial aquifer in East Fork cannot be calculated because the rate of recharge to the aquifer from upstream sources is unknown. However, decline in water level is expected to be minimal, especially during later stages of mining when the mine pit advances northward, away from the valley floor.
Combined effects
Construction of potential mine pits A and B would stress the local hydrologic system and change the direction and rate of local ground-water flow for the duration of mining. The mine pits would become sinks, which would intercept ground water that currently flows through the mine-pit areas, and would remove water that currently is stored within shallow aquifers in the vicinity of the mine. Surface water from the upstream part of the Cook Creek basin also would be intercepted by the mine.
During early stages of mine-pit construction, ground-water inflow to mine pits would be predominantly from aquifer storage, with a resultant lowering of potentiometric surface (water levels) within the affected aquifers. During mid to late stages of mine life, the rate of ground-water flow into the mine pits would decrease as aquifer storage became depleted and the local hydrologic system adj usted toward a new equilibrium. The flow rate to mine pits during the late stages of mining would be approximately equal to current ground-water flow rates through the mine area.
The potentiometric surface within the alluvial and clinker aquifers in the downstream part of Cook Creek and in the Knobloch coal aquifer would be lowered during the life of the mine. Several livestock wells located outside of the mine boundary may have substantially lowered water levels as a result of mining (pi. 2). Lowered water levels in these wells are expected to be temporary and probably would recover after mining.
Surface-water supplies in the upstream area of Cook Creek basin, which are upgradient from the mine boundary, would not be affected by mining. The mines would likely have no measureable effect on the quantity of surface-water flow in the Tongue River and would likely have no measureable effect on the flow of Otter Creek.
Water might be discharged from the mine area if it is not needed for dust suppression or is not required to be stored in a holding pond. Quality of water discharged from the mine area would depend on the quality of ground water and surface water entering the mine pits and on any contamination caused by mining operations. During early stages of mine construction, discharge of water would be greatest as aquifers near the mine are dewatered. Dissolved-solids concentrations of this effluent probably would be less than 1,800 mg/L, based on the water-quality samples listed in table 2. Occasionally the mine effluent might have an increased concentration of nitrate as a result of blasting materials used in the mine. Abnormal concentrations of nitrate have been observed on occasion in effluent waters from the Decker Mine in Montana (Van Voast and Hedges, 1975) . During mid to late stages of mine operation, ground-water inflow to mine pits will have decreased to the point that discharge of mine effluent is unlikely.
Long-term effects
Mining would remove the Knobloch coal aquifer from the area within the mine boundaries, resulting in the loss of all mine-area wells that are completed in this aquifer. The perched alluvial aquifer, along the Cook Creek channel in sees. 29 and 32, T. 2 S., R. 45 E., and sec. 5, T. 3 S., R. 45 E., also would be removed by mining. The two stock wells and three springs that would be destroyed by mining are shown on plate 2.
The potential exists for a long-term change in the quality of water in shallow aquifers downgradient from the mine area. After mining, ground-water flow systems would be re-established through the mine area. Water would enter the mine spoils from upgradient aquifers, flow through the mine spoils, and eventually discharge to downgradient aquifers. Additional flow through the mine spoils may come from vertical recharge directly into the spoils. Water flowing through the spoils would acquire a chemical quality dependent upon the mineralogy of the spoil material.
The quality of the water that would flow through mine spoils can be estimated by analyzing saturated-paste extracts of the overburden. Estimation of post-mining water quality, using saturated-paste-extract data, is based on the assumptions that: (1) During the mining process, the upper part of the overburden would become the lower part of the mine spoils; (2) after mining, water would saturate and flow through the lower part of the mine spoils; (3) water would leach soluble salts from the mine spoils; and (4) the dissolved-solids concentration in water from a saturated-paste extract is equal to the increase in dissolved-solids concentration of water flowing through the mine spoils.
Saturated-paste-extract data from two core holes (NW1/4 SWl/4 NW1/4 sec. 30, T. 2 S., R. 45 E., and NW1/4 SWl/4 SE 1/4 sec. 8, T. 3 S., R. 45 E.) were supplied by the firm Montco. Analysis of the data indicates that water passing through the mine spoils would attain a dissolved-solids concentration of 1,260 to 1,370 mg/L greater than present concentrations (W. A. Van Voast, Montana Bureau of Mines and Geology, written commun., 1981) . The increase is 107 to 116 percent more than the mean dissolved-solids concentration of 1,180 mg/L for all water samples analyzed during this study (table 2) . However, because overburden composition can be largely variable, determination of post-mining ground-water quality is tenuous when based on only two overburden cores. Aquifers most likely to be affected by a long-term change in water quality are the alluvium and clinker aquifers in the Cook Creek valley, which are directly downgradient from the proposed mine area. The alluvial aquifer in East Fork Otter Creek also might be affected; however, the effects would not be as evident because of the smaller mined area which drains into East Fork.
POTENTIAL FOR RECLAMATION OF HYDROLOGIC SYSTEMS
The existing hydrologic systems no doubt would be altered by the removal of shallow aquifers. Springs and shallow wells would be destroyed during mining and the chemical quality of shallow ground water may be degraded. However, alternative ground-water supplies at the site could be developed to replace livestock wells destroyed by mining. Alternative water supplies are sandstone and coal beds within the Tongue River and the Tullock Members of the Fort Union Formation, the lower part of the Hell Creek Formation, and the Fox Hills Sandstone. Data on the quality and quantity of water from these alternative sources (Lee, 1979; Slagle and Stimson, 1979) indicate that they are suitable sources for all present water uses. No evidence indicates that any of these alternative ground-water sources would be detrimentally affected by mining.
Impacts of mining and reclamation on the local water resources can be mitigated by proper planning. Reclamation techniques designed to minimize water flow through mine spoils would decrease the rate of leaching of soluble salts, thereby minimizing the change in water quality in downgradient aquifers. Techniques that could be used include proper surface contouring to eliminate ponding of precipitation in local depressions, planting of adequate vegetation to increase evapotranspiration, and diversion of surface water through the mined area in a manner that minimizes infiltration into mine spoils. Reconstruction of the Cook Creek channel through the mine area by forming a channel lined with well-compacted and relatively impermeable soil and filled with crushed clinker would rapidly transmit surface water through the area with minimum infiltration into spoils.
SUPPORTING TECHNICAL DISCUSSION
Geology
Stratigraphy
Rocks of the Fort Union Formation of Paleocene age crop out within the entire area, except for some stream valleys and terraces that contain alluvial deposits. Locally, the Fort Union Formation is divided into three members which, from oldest to youngest, are the Tullock, the Lebo Shale, and the Tongue River. Only the uppermost member, the Tongue River Member, is exposed in the study area.
The Tongue River Member is composed primarily of soft clay shale, sandy shale, sandstone, siltstone, and coal beds ( fig. 5 ). The member also contains thick layers of hard, red clinker where coal beds have burned along their outcrops and baked the overlying rock. Thickness of the Tongue River Member in the Ashland coal field ranges from about 1,150 to 1,600 feet (Bass, 1932) .
The Tongue River Member is exposed from the mouth of Cook Creek to the top of the mountains at the headwaters of Cook Creek, representing a vertical distance of about 1,450 feet. This interval of the Tongue River Member contains numerous beds of coal and clinker. Several of the coal beds are relatively thin and underlie only the highest part of these mountains; other coal beds, such as the Sawyer and Knobloch beds, are relatively thick and underlie a large part of the study area. Stratigraphic relationships of coal beds within the Tongue River Member are shown in figure 5.
Alluvium of Pleistocene age forms a gently sloping terrace west of Cook Creek in sees. 29 and 32, T. 2 S., R. 45 E. The alluvial terrace is situated about 450 feet above the Tongue River and is considered to be an ancient terrace of the river (Brown and others, 1954) . The terrace alluvium is about 10 to 30 feet thick and is composed of silt, sand, and gravel. The gravel is largely composed of fragments of hard, red clinker.
Alluvium of Holocene age occupies the channels and flood plains of most small streams in the area. The alluvium is composed of clay, silt, and fine sand, with lenses of coarse sand, gravel, and cobbles. The sand and gravel are largely composed of angular fragments of clinker. Many of the cobbles are composed of hard siltstone and sandstone.
Local structure Strata of the Tongue River Member are nearly horizontal throughout the study area. Locally, the top of the Knobloch coal forms a gently undulating surface with no definite trend in direction of dip. The undulations may be structural or depositional in origin. These undulations cause the top of the Knobloch coal bed to range in altitude by about 125 feet, as determined from logs of 23 wells and drill holes, which penetrated the coal bed. The relatively horizontal strata of the study area indicate no significant deformation from folds or faults.
Ground-water resources Shallow aquifers
Shallow aquifers in the Cook Creek area occur in the Tongue River Member of the Fort Union Formation (Paleocene age). These aquifers include permeable units of fractured coal, sandstone and siltstone, and clinker. Shallow aquifers also are found within many alluvial deposits beneath small stream channels and larger stream valleys. The shallow aquifers, principally the alluvial and coal aquifers, are used for stockwatering purposes throughout the area. Hydrogeologic data pertinent to these shallow aquifers were obtained from wells, test holes, and springs (table  1) .
Knobloch coal bed
The Knobloch coal bed is a relatively productive aquifer that underlies a large part of the study area. It extends from the margins of the Knobloch clinker beds along the valleys of East Fork Otter Creek, Otter Creek, and Cook Creek to the Cook Creek basin divide and northward (pi. 2). The Knobloch coal bed is partly or completely saturated at the sites of all observation wells completed in coal beds in the study area. Depth to the top of the Knobloch bed ranges from about 50 feet along a part of the Cook Creek valley in the NE1/4 sec. 6, T. 3 S., R. 45 E., to an estimated 1,200 feet along the Cook Creek basin divide at the headwaters. Thickness of the Knobloch coal bed averages about 55 feet.
Flow of water within the coal aquifer is from areas of high hydraulic head in the upstream part of the Cook Creek basin and along the basin divide towards areas of low hydraulic head along Cook Creek, Otter Creek, and East Fork Otter Creek. Gradient of the potentiometric surface ranges from about 0.01 to 0.03. Direction of flow within the Knobloch coal appears to be controlled largely by topography; thus, the potentiometric surface closely resembles the topographic surface (pi. 1). However, in sees. 5, 6, and 8, T. 3 S., R. 45 E., the direction of flow appears to be controlled more by geologic factors than by topographic slope. Clinker deposits in this area function as drains and transmit water from the Knobloch coal to the downstream part of the Cook Creek valley. Flow paths within the Knobloch coal generally do not cross basin divides and are of short length. Lengths of these flow paths range from about 0.5 to 4 miles, with most less than 2 miles.
Recharge to the Knobloch coal bed is from infiltration and percolation of precipitation through overlying fine-grained sediments.
Rate of recharge is small because of the large silt and clay content of the overburden, small annual precipitation, and consumptive use of soil moisture by vegetation. Recharge to the coal bed from precipitation is estimated to be about 0.01 to 0.1 inch per year based on calculated discharge rates. Woessner, Andrews, and Osborne (1979) calculated a similar recharge rate of 0.12 inch per year to unconfined coal, sandstone, and shale at a site west of Ashland, Mont., on the Northern Cheyenne Indian Reservation. Their calculations were based on well hydrographs with 2 years of record.
Discharge of water from the Knobloch coal aquifer occurs as lateral flow to clinker zones along the valleys of Cook Creek, Otter Creek, and East Fork Otter Creek. No seeps or springs from the Knobloch coal were observed because of extensive clinker along the margins of the coal bed. Additional discharge from the coal aquifer is to local wells.
Aquifer properties of the Knobloch coal were determined from single-well aquifer tests at three locations (pi. 1). Transmissivity (T) values calculated from the tests are 110 ft2 /d at well W-7, 20 ft 2 /d at well W-6, and 4 ft2 /d at well W-5. Corresponding values of hydraulic conductivity are 1.9 ft/d at well W-7, 0.34 ft/d at well W-6, and 0.07 ft/d at well W-5. Hydraulic conductivity of coal is directly related to fracture permeability, which in turn appears to be related to depth of burial and proximity to clinker beds. Hydraulic-conductivity tests indicate that the coal is fractured more at well W-7, where the coal bed is close to the surface and near clinker, than at wells W-6 and W-5, where the coal bed is at a greater depth and farther from the burned or clinker area. Storage coefficients (s) for the Knobloch coal bed could not be reliably calculated from the single-well aquifer tests. Storage coefficient is estimated to range from 10"~* to 10"~^, based on values at other sites in southeastern Montana (Van Voast and Hedges, 1975, p. 7 ; U.S. Department of the Interior, 1977, p. 148).
Sandstone and siltstone
Sandstone and siltstone aquifers within the Tongue River Member of the Fort Union Formation typically are thin, lenticular, and of small areal extent. No thick sandstone layers were penetrated during test drilling; therefore, no wells were completed in sandstone. Typically, the thin sandstone and siltstone lenses yield enough water to wells for livestock use. Spring S-4 (see pi. 1) discharges from a thin, fractured siltstone lens and has been developed for livestock water. Flow of this spring, which is 0.3 gal/min, represents discharge from a small, localized flow system that is perched above the Knobloch coal aquifer. Well W-15 is completed in a sandstone bed and has a reported yield of 10 gal/min.
Sawyer coal bed
The Sawyer coal bed is about 14 feet thick and is stratigraphically about 180 feet above the Knobloch coal bed. The Sawyer coal bed appears to be dry in an area west of Cook Creek in sees. 29, 30, 31, and 32, T. 2 S., R. 45 E. (pi. 2), based on drill-hole data and the topographic location of the coal. However, on the east side of Cook Creek, in sees. 29 and 32, the Sawyer coal may contain a perched water table. Color-infrared photographs of this area indicate the possibility of seepage from the Sawyer coal bed where it crops out along the creek valley. In the upstream 2 miles of the Cook Creek basin, the Sawyer coal bed probably has a local ground-water flow system. The upstream part of the basin is within the Custer National Forest; therefore, no wells were drilled into the Sawyer coal bed to test the aquifer.
Clinker
Porous, fractured clinker, formed by the burning of coal seams, and consisting of baked shale, sandstone, and coal ash, exists in a large part of the study area. In the downstream areas of the Cook Creek, Otter Creek, and East Fork Otter Creek basins, hill slopes are composed primarily of clinker formed by burning of the Knobloch coal bed along its outcrop. The area between lower Cook Creek and the main stem of Otter Creek has particularly thick clinker deposits derived from both the Sawyer and the Knobloch coal beds. Thickness of clinker in this area exceeds 180 feet as determined by drill hole H-2.
The clinker is permeable and forms an aquifer where a sufficient saturated thickness exists. No aquifer tests were made on clinker aquifers because of the difficulty in drilling and casing a hole in the clinker; however, hydraulic conductivity of clinker can reasonably be expected to be similar to that of clean sand or sand and gravel, which is about 10 to 1,000 ft/d. The hydraulic conductivity of Knobloch clinker was calculated to be 36 ft/d by Woessner, Andrews, and Osborne (1979) for a nearby site in the Northern Cheyenne Indian Reservation. Those investigators calculated a storage coefficient of 0.1 for the clinker.
Recharge to clinker aquifers is primarily from infiltration and percolation of precipitation and lateral flow from adjacent coal and sandstone aquifers. In the Cook Creek valley, additional recharge to clinker is from infiltration of surface runoff, especially where the channel of Cook Creek crosses an outcrop of Knobloch clinker. Thin and permeable soils, which overlie many of the clinker areas, permit rapid infiltration of precipitation and eventual recharge to the ground-water system. Woessner, Andrews, and Osborne (1979) calculated a recharge rate of 1.2 inches per year for similar Knobloch clinker deposits in the Northern Cheyenne Indian Reservation near Ashland. The rate of recharge to clinker from infiltration of rainfall appears to be one to two orders of magnitude greater than recharge to coal-bed aquifers.
Ground-water gradients within the area are predominantly from coal and sandstone aquifers in the topographically high areas towards clinker and alluvium in the major drainages (pi. 1). Because clinker generally is downgradient from the Knobloch coal aquifer, part of the water moving through the clinker aquifer originates as discharge from the coal aquifer. However, the massive clinker deposit between the downstream part of Cook Creek and the main stem of Otter Creek receives almost all its water from direct infiltration of precipitation.
Discharge of water from clinker is predominantly to alluvium along Cook Creek, Otter Creek, and East Fork Otter Creek and to vegetation on lower hillsides of clinker. Spring S-2 (see pi. 1), which discharges directly from the Knobloch clinker at the base of a steep hillside, has been developed for livestock water. Measured discharge of this spring was 5.0 gal/min on September 13, 1979, and 3.3 gal/min on June 19, 1980. Alluvium Alluvium occupies the valleys of Cook Creek, Otter Creek, and East Fork Otter Creek. Coarse alluvial deposits compose the most productive aquifers in the study area, and within the Cook Creek basin alluvial aquifers are a major source of livestock water.
Seven holes were drilled through the alluvium in Cook Creek valley during the study. Four of these (W-l, W-2, W-8, W-9) were completed as wells and aquifer tests were conducted, one (W-6) was completed in the Knobloch coal bed, and two (H-4, H-5) were uncased exploration holes. Thickness of alluvium ranges from 16 feet at well W-6 to 77 feet at well W-l.
Aquifer tests were conducted at wells W-l, W-2, W-8, and W-9. Transmissivity of the alluvium is 9,000 ft 2 /d at wells W-l and W-2, 1,600 ft 2 /d at well W-8, and 130 ft 2 /d at well W-9. Corresponding values of hydraulic conductivity are 160 ft/d at wells W-l and W-2, 140 ft/d at well W-8, and 4.5 ft/d at well W-9. The storage coefficient for the alluvium at wells W-l and W-2 is estimated to be about 0.2.
The Cook Creek valley contains both perched and water-table alluvial aquifers (see pi. 2). Alluvial deposits from the headwaters of Cook Creek in sec. 22, T. 2 S., R. 45 E., downstream to the alluvium-clinker contact in sec. 5, T. 3 S., R. 45 E., appear to be a perched aquifer. At well W-6 the difference in hydraulic head between the alluvial aquifer and the Knobloch coal aquifer is more than 110 feet, with an unsaturated interval between the two aquifers. An unsaturated zone also exists between the alluvial and coal aquifers in the vicinity of well W-8. As Cook Creek traverses the Knobloch clinker, the perched zone no longer exists, and water-table conditions prevail within the alluvium and the clinker.
Recharge to the alluvium occurs as direct infiltration of precipitation, runoff, and discharge from adjacent clinker aquifers. Flow within the alluvium closely follows the gradient of the Cook Creek valley.
Discharge of water from the alluvium in the Cook Creek valley is by springs, wells, evapotranspiration, and subsurface flow to the Tongue River valley. Two alluvial springs in the upstream valley of Cook Creek (S-l and S-3) have been developed for watering of livestock. Discharge rates of these springs fluctuate somewhat but are about 4 gal/min at spring S-l and 10 gal/min at spring S-3. Evapotranspiration from alluvium is greatest in the upstream part of the valley where ground water is perched near the surface, as determined by color-infrared photography of the area. In the downstream part of Cook Creek valley, the depth of the water table precludes any significant discharge by evapotranspiration. Discharge from the alluvium in the downstream part of Cook Creek valley to the alluvium of the Tongue River valley probably accounts for most of the direct ground-water outflow from the basin.
Rate of discharge from alluvium in Cook Creek valley to alluvium in the Tongue River valley is estimated to be 30,000 ft^/d. This discharge rate is based on aquifer properties at wells W-l and W-2, and was determined using the Darcy equation.
Deep aquifers
Several aquifers located stratigraphically below the Knobloch coal aquifer exist throughout the study area. These aquifers are coal and sandstone within the lower part of the Tongue River Member of the Fort Union Formation, the Tullock Member of the Fort Union Formation, and the combined Fox Hills Sandstone and lower part of the Hell Creek Formation (Lewis and Hotchkiss, 1981) .
The base of the Tongue River Member occurs at an altitude of about 2,600 to 2,700 feet in the study area. From the base of the Knobloch coal aquifer to the base of the Tongue River Member is an interval of about 300 feet, which contains several coal beds and possibly several sandstone lenses. This interval is classified as an aquifer and is a local source of water for livestock and domestic uses. Well yields from this aquifer generally range from 2 to 25 gal/min.
The Tullock aquifer has a thickness of about 300 to 400 feet and its base is at an altitude of about 2,000 to 2,250 feet. The Tullock aquifer is confined above by the Lebo Shale Member of the Fort Union Formation and below by the upper part of the Hell Creek Formation. Many wells in the valleys of Otter Creek and the Tongue River are completed in the Tullock aquifer for livestock water. Some of these wells flow at the surface. Well yields may be as much as 40 gal/min, but generally average about 15 gal/min (Lewis and Roberts, 1978) .
The Fox Hills-lower Hell Creek aquifer has a local thickness of about 500 feet and its base is at an altitude of about 1,300 to 1,400 feet. This aquifer yields as much as 200 gal/min to properly constructed wells, although yields generally are less than 100 gal/min.
Surface-water resources Runoff
The study area is drained by Cook Creek and Otter Creek, which are both tributary to the Tongue River. Most of the area, 12.3 mi^, is drained by .Cook Creek. Approximately 9 mi^ of the area is drained by Otter Creek and its principal tributary East Fork Otter Creek.
Cook Creek is intermittent in the upstream reaches and flows only where inflow from springs and seeps exceeds water losses from evapotranspiration and seepage; intermittent flow occurs mainly from the headwaters in sec. 22, T. 2 S., R. 45 E., to the SW1/4 sec. 5, T. 3 S., R. 45 E., where the channel crosses the Knobloch clinker. The rest of Cook Creek is ephemeral and flows only in response to surface runoff. The channel of the ephemeral reach of Cook Creek is above the water table at all times of the year.
From June 1979 to September 1980, flow occurred only once in the downstream reach of Cook Creek. The flow occurred during July 1979 in response to an intense thunderstorm. No flow measurements are available but duration of flow was less than 24 hours. During the spring and early summer of 1980, flows were observed in the intermittent reach of Cook Creek, but all observed flows were estimated to be less than 0.1 ft3 /s.
Cook Creek and East Fork Otter Creek are ungaged; therefore, mean annual discharge rates and the magnitude and frequencies of floods were estimated by indirect methods. The method used to estimate mean annual flow included measurements of channel geometry and was developed through regression analyses based on the correlation of flow characteristics with the dimensions of the channel (Hedman and Kastner, 1977) .
Flood-peak estimates were made from a regression equation using drainage area, percentage of forest cover within the drainage, and a geographical location factor (Parrett and Omang, 1981) . Mean annual flow estimates are 213 acre-feet for Cook Creek and 2,790 acre-feet for East Fork Otter Creek. Estimated magnitude of the 100-year flood peak is 1,090 ft 3 /s for Cook Creek and 2,210 ftVs for East Fork Otter Creek; estimated 25-year flood peaks are 580 ft^/s for Cook Creek and 1,150 ft 3 /s for East Fork Otter Creek.
Otter Creek is a perennial stream having a drainage area of 707 mi^. A streamflow-gaging station is located on the downstream reach of Otter Creek near Ashland (station 06307740, pi. 1). Data collected at the station are record of stage, measurements of instantaneous stream discharge, and periodic suspended-sediment concentration, temperature, and chemical quality of water. The average discharge of Otter Creek, based on 7 years of record, is 8.71 ft^/s or 6,310 acre-feet per year.
Suspended sediment
Discharge of suspended sediment from the Cook Creek basin could not be calculated with available data. Discharge from the basin is infrequent and records of water discharge and suspended-sediment concentration have never been obtained. Estimates of sediment yield could possibly be made by study of sediment accumulation in a reservoir in the NE1/4 sec. 29, T. 2 S., R. 45 E. However, the reservoir is in the upstream part of the basin, which is well vegetated and appears to be less eroded than the downstream part of the basin.
Water quality
Water samples were collected for chemical analysis from observation wells, springs, and streamflow of Cook Creek. All samples were analyzed for major ions and selected samples were analyzed for trace elements. Results of the analyses are listed in tables 2 and 3 and locations of sampling sites are shown on plate 1. Many additional water-quality samples have been collected from springs and wells in the general area. Water-quality data for these wells and springs are available in a report by Lee (1979) .
Distinctive characteristics of almost all water from springs and shallow wells in the Cook Creek area are: pH values ranging from 7.2 to 7.8, relatively large dissolved-solids concentrations ranging from about 800 to 1,800 mg/L, sodium plus potassium ions typically composing 40 to 80 percent of the cations, and sulfate ions typically composing 40 to 70 percent of the anions. A notable exception to this average quality of water is indicated by the analysis for spring S-2. Water from this spring has a relatively small dissolved-solids concentration of about 310 mg/L and has much smaller concentrations of sodium and sulfate ions than most water in the area. The analysis represents water quality of a spring discharging from a local flow system within a massive clinker zone.
Trends are evident from examination of the water-quality data (pi. 1). The most apparent water-quality trend is the change in dominant cations with depth; calcium and magnesium are dominant in surface water and shallow ground water from alluvial wells and springs, whereas sodium plus potassium ions are dominant in the deeper coal aquifers. Concentrations of anions do not follow such a well-defined trend; sulfate ions increase with an increase of aquifer depth in some areas but decrease with depth in other areas. Bicarbonate-ion concentrations fluctuate similar to sulfate ions, and chloride concentrations are small in all water samples.
Changes in concentrations of dominant ions as water moves from recharge areas, to shallow aquifers, to deeper aquifers, and then to discharge areas can be attributed to aquifer mineralogy, the flow path, travel time along the flow path, and solution chemistry. Geochemistry of shallow flow systems and possible chemical reactions to explain the evolution of the quality of shallow water in the Fort Union Formation have been discussed by Lee (1981) .
Based on a conceptual model developed by Lee (1981) , the evolution of the maj or chemical characteristics of ground water in the Cook Creek area can be summarized as follows: (1) Recharge water that has entered a ground-water flow system and has traveled only a short distance is characterized by small concentrations of dissolved solids dominated by magnesium, calcium, and bicarbonate with lesser concentrations of sodium and sulfate; (2) these ions are derived through the dissolution of calcite, gypsum, and other minerals, combined with the exchange of calcium ions for sodium ions by clay minerals; water of this type occurs in the shallow alluvial wells W-l, W-2, W-8, and W-9 and in springs S-2 and S-3; (3) as ground water moves farther through the system, sodium and sulfate enrichment results in larger percentages of sodium, sulfate, and thus increased dissolved-solids concentrations; water of this type occurs in coal wells W-5, W-6, and W-7; and (4) by the time the water has moved farther along its flow path and into a deep coal aquifer, a sodium bicarbonate water may be produced, such as occurs in coal well W-12; sulfate ions likely have been reduced in this water by sulfate-reducing bacteria (Lee, 1981; Dockins and others, 1980) .
CONCLUSIONS
Wells and developed springs supply most of the water used for livestock watering, the principal water use in the study area. The water supplies are obtained from shallow bedrock aquifers in the Tongue River Member of the Fort Union Formation and from alluvium. Alluvium in the downstream part of the Cook Creek Valley and the Knobloch coal aquifer could support additional livestock wells. Surfacewater supply is limited to the upper 2.5 river miles of Cook Creek, where several small reservoirs, seeps, and springs supply water for livestock.
Mining of the Knobloch and Sawyer coal beds would remove two alluvial springs, one bedrock spring, and two wells, which are all used for livestock watering. The potentiometric surface within the alluvial and clinker aquifers in the downstream part of Cook Creek and in the Knobloch coal aquifer would be lowered during the life of the mine. Lowering of the potentiometric surface in these aquifers might substantially lower the water level in several wells located outside of the mine boundary. Surface-water supplies in the upstream area of the Cook Creek basin, which are upgradient from the mine boundary, would not be affected during mining. The mines would likely have no measureable effect on the quantity of flow in Otter Creek or the Tongue River.
After mining, water in the alluvial aquifer downgradient from the mine area might show a long-term degradation in quality, as a result of leaching of soluble salts from overburden materials used to backfill mine pits. Aquifers most likely to be affected by a long-term change in water quality are the alluvium and clinker aquifers in the Cook Creek valley, which are directly downgradient from the proposed mine area.
The existing hydrologic systems would be altered by the removal of shallow bedrock and alluvial aquifers, but alternative water supplies could be developed from deeper aquifers. Alternative sources are the Tongue River and Tullock Members of the Fort Union Formation and the Fox Hills-lower Hell Creek aquifer. These alternative ground-water sources probably would be unaffected by mining.
Impacts of mining and reclamation on local water resources can be mitigated by proper planning. Reclamation techniques designed to minimize water flow through mine spoils would decrease the rate of leaching of soluble salts, thereby minimizing the change in water quality in downgradient aquifers. 
